Each Japanese sword is unique by its microstructure resulted by the steel composition and heat treatment. In this study, the automatic reconstruction method was applied for characterizing the prior-austenite microstructure at the sharp edge of three Japanese swords made in different time periods. The reconstructed prior-austenite microstructure was compared with that of three carbon steels, in order to clarify the variations of carbon content and heating temperatures of the swords. It was found that in carbon steels, the austenite microstructure is probably affected by initial microstructures, which is predominantly determined by carbon content. The three swords have similar carbon content, but their prior-austenite microstructures are considerably different, probably due to their heating temperatures. The strength at the sharp edge of the modern sword is significantly higher than that of the old sword. It may be due to the fine-grained prior-austenite in the modern sword compared with the abnormally coarse grains observed in the old sword. In order to obtain fine-grained austenite along with high strength and hardness of the cutting edge, it is recommended that the carbon content of Japanese sword is 0.60.7 mass%, and the heating temperature is from 750 to 800°C.
Introduction
In the past, Japanese sword was used as a weapon, which had to be sharp and hard for slash action, strong and tough for preventing fracture. The swordsmith had invented a unique design of the sword with a duplex construction ( Fig. 1(a) ), which is typically made by enclosing a low-carbon steel core (0.20.3 mass% C) by a high-carbon skin steel (0.60.7 mass% C).
13) The high-carbon steel provides high strength and hardness, while the low-carbon core ensures high toughness for the sword. The ancient swordsmith also knew the way to create a multiphase microstructure for a better tolerance of the sword's properties by coating it with a clay mixture before final heat treatment to control the heating temperature and quenching rate. 13) This coating is thin at the cutting edge, but thick at the ridge of the blade ( Fig. 1(a) ). After being heated to desired temperature, the sword is quenched into water. As a result of selective quenching, the sharp edge was hardened with lath martensite, 4) while the ridge due to slower cooling rate transformed to a mixture of pearlite and ferrite. 13) The core is ferrite with small amount of pearlite ( Fig. 1(b) ).
The final heat treatment is often conducted at night, because the swordsmith needs to see the true color of the heated blade to judge its temperature. It is presumed that the heating temperature is about 800°C, although a scientific measurement has not been done yet. 13) Nevertheless, the final heat treatment is a decisive stage for a successful preparation of a Japanese sword and the success rate of heat treatment for average swordsmith is about half or less. 3) From microstructural point of view, the heating temperature of a sword mainly affects its prior-austenite microstructure (PAM), which has an important contribution to its mechanical properties. Low temperature causes reduction of hardness due to the presence of soft ferrite, while high temperature leads to brittleness because of excessive austenite grain growth.
The heating temperature of a Japanese sword is generally unknown, but we assumed that it may be reversely estimated through the characteristics of the PAM. Characterization of the latter is possible, because the PAM can be reconstructed from martensite orientations by using our newly developed automatic software based on orientation fitting method. 10) This study is an investigation of PAMs, which were reconstructed from martensite orientations measured by electron backscatter diffraction (EBSD) at the sharp edge of three Japanese swords in order to clarify:
(1) The difference in carbon content and heating temperature of three Japanese swords made by distinct schools in different time periods; (2) The optimal carbon content and heating temperature for the sharp edge to obtain a fine-grained PAM, along with a good combination of mechanical properties.
Materials and Experimental Methods

Materials
Three Japanese swords were used in this study. The old sword was made in Muromachi period, about 15 century. The modern sword was made in 1945. A prototype sword in form of a short knife was made in 2010. The samples were cut from cross sections of the swords with thickness 1.03.0 mm. The sharp edges of the samples were mounted in wax to protect them from excessive wearing during polishing. The surface of samples was prepared by standard method of metallography. The chemical composition at the cutting edge of the old and modern swords was measured by electron probe microanalysis (EPMA) in a previous study, 5) while it was determined by chemical analysis method for the prototype sword.
Three carbon steels with known chemical composition were also used in this study as reference microstructures. They were 04C, 06C and 08C steels, with composition given in Table 1 . The initial microstructures of the three carbon steels in as-received condition were checked by optical microscopy. A homogenous mixture of ferrite and pearlite is observed in 04C and 06C steels, and a full pearlitic microstructure in 08C steel. The samples of these steels were 10 mm © 10 mm © 2.5 mm in size. 06C and 08C were heat treated at 800°C for 10 min and quenched in water. 04C steel was heat treated at 850°C for 10 min, followed by iced-brine quench.
The Ae 3 critical temperatures of all samples were approximately calculated by using the software ThermoCalc μ Academic 4.1 (a limited version for academic use), applied to Fe-C binary alloys with similar carbon contents in equilibrium condition. These Ae 3 temperatures are used for determination of lower limit for heating temperatures of the steels.
EBSD experiments
EBSD experiments were carried out on JEOL μ JSM7001FA field emission gun scanning electron microscope (SEM) equipped with TSL μ EBSD data collection system. The scans were performed at 25 kV accelerating voltage with 100 nm scan step for carbon steels. For samples of the three swords, the observation area was located as close as possible to their sharp edge to ensure a full martensite microstructure (Fig. 4) .
It is desirable that the scan area is sufficiently large in order to reveal reliable characteristics of the PAM. However, the size of scan area is limited by the nature of martensite morphology in high-carbon steels. In carbon steel the thickness of martensite block, which is sub-grain of similar martensite orientations, decreases with increasing of carbon content. 7, 8) For 0.60.8 mass%C, the thickness of martensite block is about 500700 nm. 9) In order to precisely measure martensite orientation, the scan step should be much smaller than the martensite block thickness. In our experiences, the scan step should be equal or less than 200 nm for a good characterization of martensite in those steels. The small scan step requires higher magnification to provide a sufficient resolution. For this reason, magnification of 500 times was set. At this magnification, the maximum width of EBSD scan area is 178 µm, while the height is 450550 µm. The accelerating voltage was 25 kV and the scan step was 150 nm. With this setting, each measurement of the swords requires from 4.0 to 4.8 million of scan points.
2.3 Automatic reconstruction of prior-austenite microstructure The austenite (£) does not exist in the final microstructure of Japanese sword, 4) but it can be reconstructed from information on martensite (¡A).
1017) It is possible because of the cooperative characteristic of martensitic transformation in steel. A near Kurdjumov-Sachs (K-S) orientation relationship (OR) exists between parent £ and the product ¡A orientations. This OR is virtually unique for a given steel composition. 11) In general, there are exactly 24 variants of ¡A orientations bearing the OR with one prior-austenite grain (PAG). Reversely, from orientations of such ¡A variants, the orientation of £ grain can be uniquely calculated. 10, 11, 16) Furthermore, the transformed ¡A usually do not grow across the £ grain boundary, except the case of twin boundary which will be discussed later. Hence, the £ grain boundaries are principally preserved and the £ grain can be determined as the largest group of neighbor ¡A blocks which share the same OR with one £ orientation. The latter is defined as orientation of the £ grain. In this concept, £ can also be reconstructed from bainite, whose transformation is as well cooperative.
Development of automatic reconstruction software
Based on the above principle, some researchers have developed various methods for reconstruction of £ from EBSD data of ¡A.
1215,17) Cayron et al. 12) had done the first trial to reconstruct £ grain map from ¡A by comparing the misorientations between neighbor ¡A domains. This method is only capable for reconstruction of £ grain shapes. Moreover, the quality of demonstrated reconstructions is rather poor with considerable amount of mis-indexed grains.
Blaineau and Germain et al. 1315) proposed another approach to reconstruction of £ orientation map. In their method, 24 candidates of £ orientation were reversely calculated from each ¡A domain orientation. A small tolerance angle was used for finding the most potential £ orientation, which is dominantly found in a group of neighboring ¡A domains. This method has advantage on that of Cayron, 12) since it can reconstruct £ orientation maps. However, the accurate calculation of £ grain orientations has not been considered by these authors.
Miyamoto et al. extended their numerical fitting method 16) to reconstruction of prior £ orientation map. 17) This method includes in subdivision of EBSD data using a grid of small square and fitting £ orientation from ¡A orientations for each square. The method allows precise reconstruction of both local £ orientations and OR. However, this method is probably time-consuming, because it intends to use all the scan pixels in each square for calculation of £ orientation. In order to improve calculation speed without the loss of precision, we have introduced some modifications to the conventional fitting method for calculation of £ orientation and OR. The main idea was to exploit more thoroughly crystallographic features of £-¡A transformation for optimization of the algorithm. It involved fitting of £ orientation and OR separately, classification of ¡A orientations priorly into three Bain groups and calculation of misorientation between close ¡A orientations of the same Bain group, without the need of using 24 conversion matrices of cubic symmetry. 10) Combining the advantages of Blaineau and Germain's method 15) using ¡A domains for fast calculation and our fitting method 10) for precise calculation of £ orientations, along with additional measures for improvement of the reconstruction result, we have developed automatic software for reconstruction of PAM from martensite or bainite orientations. Schematic representation of the main steps of the reconstruction software is given in Fig. 2 . The software operates by reading ¡A orientations from EBSD data file, finding misorientation between neighbor scan points and grouping the neighbor scan points with misorientation smaller then a tolerance angle (¤ 1 = 35°) into ¡A domains. Each ¡A domain is represented by one orientation and the further calculation will work with ¡A domains instead of all the scan points in the domains (Fig. 2, step 2 ). This approach is essential for working with large EBSD data which contain up to 4.8 million of scan points used in this study.
Initially, all ¡A domains are marked as "free", since they are still not assigned to any £ grain. In the next step, during successive selection of "free" ¡A domains, the orientation of the ith domain-M i is used for reverse calculation of 24 possible variants of £ orientation-A Fig. 2,  step 3 ). The jth £ orientation-A i j (1¯j¯24) uniquely selected is the one, which is related to maximum number of neighbor domains by a given OR within a tolerance angle, ª 1 = 57°. If the number of ¡A domains included is more than a minimum value (n 1 = 36), that group of domains will be defined as a £ sub-grain. Then the ¡A domains are assigned to this £ sub-grain. The process is repeated several times, until all eligible ¡A domains are investigated (Fig. 2, step 4) . Then, for each £ sub-grain, its orientation is precisely calculated by orientation fitting method 10) using the orientations of assigned ¡A domains (Fig. 2, step 5) .
Because the step 5 does not ensure the completion of £ grain reconstruction, additional step was added to improve the reconstruction result (Fig. 2, step 6 ). More details of this step are described in the next section. Finally the EBSD data file with £ orientations is created as the output file of the program. The output file can be opened in OIM analysis μ , which is a commercial software used for graphical representation and analysis of PAM.
Additional measure for redefining austenite grain
and twin boundary The ¡A domains in general do not grow across a prioraustenite high-angle boundary, except for the case of twin boundary. Figure 3(a) shows an example of a coherent £ twin boundary, which is coincident with the trace of common (111) £ plane of the two twins. The misorientation between two austenite twins £ 1 and £ 2 is 60°/[111] £ . In case of exact K-S OR, there are six common ¡A variants holding the same plane parallel relationship with both of £ twins: (111) £1 // (111) £2 //(011) ¡A . In fact, these common ¡A variants between two £ twins are not ideally identical, but there are small Automatic Reconstruction Approach to Characterization of Prior-Austenite Microstructure in Various Japanese Swordsmisorientations, often less than 5°, between them. The reasons are due to the deviation of £ misorientation from the ideal twin relationship 60°/[111] £ , the deviation of OR from exact K-S type, and the local variation of ¡A orientations. Nevertheless, after martensitic transformation, the common ¡A domains are often observed at the prior-austenite twin boundary ( Fig. 3(b) ). Those common ¡A domains can be related to the both twins £ 1 and £ 2 by the same OR, with deviation less than 5°. This observation creates the impression that the martensite variants seem grow across the twin boundary, though the phenomenon may not actually occur. The common ¡A domains cause a serious problem to automatic reconstruction of PAM, since the twin boundary may not be correctly reconstructed (Fig. 3(c) ) or some small parts of one £ grain may be mis-indexed as twin-oriented £ (Fig. 2, step 5) .
In order to deal partially with that problem, after determination of £ sub-grains (Fig. 2, step 5) , we introduce additional step to redefine the £ grains (Fig. 2, step 6 ). In this step, the neighbor £ sub-grains with misorientation smaller than ¤ 2 = 5°are grouped into one £ grain. Then the £ grains are arranged in descending order of the grain size, which is counted by the number of ¡A domains included. Starting from the largest £ grain, all the ¡A domains within a crop rectangle, which is 1.5 times the size of the smallest box enclosing the selected £ grain, are investigated for their deviation from OR with the £ grain. The new £ grain is again defined as the largest group of ¡A neighbor domains within the crop rectangle, having OR with the £ orientation. In case one ¡A domain in the crop rectangle, has been earlier assigned to a neighbor £ grain, this domain may be re-assigned to the new £ grain, if it has a smaller deviation from OR with that new £ grain.
By redefining the £ grain in descending order of grain size, most of the small mis-indexed areas of £ in the step 5 ( Fig. 2) can be rechecked and re-indexed. In addition, the criterion of minimum deviation from OR allows better reconstruction of twin boundaries (Fig. 2, step 6) . However, the reconstructed twin boundary often contains serrated segments with considerable deviation from actual (111) £ plane trace (Fig. 3(c) ), since the crystallographic and geometry of twin boundary have not been considered in this reconstruction software.
Results
Chemical composition of the steel at the cutting edge of three swords and composition of the carbon steels are given in Table 1 . Since this study is focused on the PAM at the cutting edge of Japanese sword, hereafter the description without any specific notation is denoted the steel at this part of the swords. The content of C in the swords is from 0.60.7 mass%, which is typical value for Japanese sword.
13)
Reconstruction of prior-austenite microstructure
The automatic software was used for reconstruction of PAMs from ¡A orientations. Figure 4(a) shows the ¡A orientation map placed in the EBSD scan area of SEM image taken at the sharp edge of the old sword. The scan area is 177 © 495 µm 2 . It contains 4.5 millions of scan points with step size 150 nm. The calculation of £ orientations for this case took about 18 min and 3065 £ grains were found. The reconstructed £ orientation map of the old sword is on the right side (Fig. 4(b) ). The enlarged square in Fig. 4 shows ¡A orientations map at higher magnification of the selected square in Fig. 4(a) , which also corresponds to the square with fine £ grains in Fig. 4(b) . This dislocated orientation map, which is typical for a full martensitic microstructure of high carbon steel, is shown in order to confirm that the finegrained PAM in the reconstructed map is not the artifact contributed by the presence of ferrite as the product of noncooperative transformation.
Similar calculations of £ orientations were done for the other swords and carbon steels. The value of main parameters, which were used for these particular cases of austenite reconstruction are summarized in Table 2 . The reconstruction time, which may range from 218 min, is proportional to the number of £ grains found. Analysis of £ orientations for the three swords did not reveal any clear texture in their microstructures.
Fraction of twin boundary in austenite
The correct reconstruction of geometry of £ twin boundary requires more efforts and more sophisticated algorithm, which have not been done in the present automatic reconstruction software. In this study we are only trying to use the fraction of reconstructed £ twin boundary for a statistical characterization of PAM.
In order to confirm the validity of twin boundary fraction obtained by automatic reconstruction, we have used a semiautomatic method for correction of twin boundary geometry, which has been described in Ref. 14) . In this correction, the validity of each 3 twin boundary will be checked by the two criteria:
(1) The twin-oriented austenite grains should be correctly reconstructed by examination of (011) ¡A pole figure and the location of common ¡A domains between the £ twins. ( 2) The twin boundary should be within the region of common ¡A domains and the segment of twin boundary should be closely parallel to the trace of the common {111} £ plane between the £ twins. Finally, the fractions of 3 twin boundary before and after correction were compared to assess their difference. Figure 5(a) shows the orientation-image quality map of reconstructed PAM in 08C steel using the automatic software. By comparing with standard coincident-site lattice boundaries using Brandon criterion, 18) the £ grain boundaries were classified into low-angle (5°15°), twin 3 (60°© 111ª £ ), secondary twin 9 (38.9°©110ª £ ) and randomly high-angle boundaries (²15°). Figure 5(b) shows only the common ¡A domains at the reconstructed twin boundaries and the traces of {111} £ planes as a bundle of white lines in the middle of each grain. During correction step, the serrated segment of twin boundary with common ¡A domain are replaced by a line segment which is parallel or with minimum deviation from the trace of (111) £ twin planes. The £ orientation map after correction of twin boundaries is given in Fig. 5(c) .
After correction of twin boundary's geometry, the fraction of twin boundary is 0.367. Compared with the initial value obtained by automatic reconstruction (0.385), the reduction is about 5% of the initial value. Since the correction requires manual determination of serrated segments of twin boundary, it could not be done for the large EBSD data of Japanese swords. Hence, the fraction of twin boundary in PAM is counted by taken the value obtained from automatic reconstruction with subtraction of its 5% as the error of geometry of reconstructed twin boundaries. The same measure is applied for calculation of the fraction of secondary 9 twin boundary.
The fractions of twin boundaries were plotted with increasing C content in Fig. 6 . For all the steels, 3 is the dominant twin boundary. Its fraction is from 0.31 to 0.45. It is minimum in 04C, maximum in 06C and decreases with further increasing of C. The fraction of 9 twin boundary is minor, except for 04C (0.1). Its value is almost identical in the three swords and 06C (from 0.05 to 0.07) and is nearly negligible in 08C (0.01). Table 2 Main parameters used for reconstruction of PAM in the Japanese swords and C steels.
Parameters Value
Tolerance angle for detection of ¡A domains (step 2), ¤ 1 /°5
Tolerance angle for £-¡A OR consideration (steps 4 and 5), ª 1 /°6
Minimum size of £ sub-grain (counted by ¡A domains in step 4), n 1 3 Number of repeated searches for austenite sub-grains (step 4), r 2
Tolerance angle for redefinition of £ grains (step 6), ¤ 2 /°5 (a) (b) (c) 
Austenite grain size
For each sample, the average £ grain diameter is used for expression of its grain size. This grain size is calculated in two cases (Table 3 ). In the first case, the £ 3 twin boundaries are included, where each twin boundary is counted as grain boundary. In the second case the 3 twin boundaries are excluded, i.e. the neighbor £ grains with 3 twin relationship are grouped together. The latter case will result a coarser grain size when all the 3 boundaries are eliminated.
Conventional methods for studying PAG size of martensitic steels using chemical or thermal etching are usually unable to reveal the 3 twin boundaries of prior £. 19, 20) Hence, the grain size excluded twin is preferable for description of average PAG size in order to be consistent with the data obtained by conventional methods. The grain size excluded twin is smallest in the modern sword (14.9 µm), while it is 2 times larger in the other swords (28.630.3 µm).
The twin factor of grain refinement is defined as the ratio of grain size excluded twin to grain size included twin (Table 3 ). In this study we use this twin factor to evaluate the effectiveness of 3 twin boundary in grain refinement of the steel. The value is from 1.44 to 1.84 except 08C steel, whose twin factor is fairly low (1.12).
The grain maps excluded twin of the swords, 06C and 08C steels are shown in Fig. 7 . The modern sword is with fine and rather homogeneous £ grains. The old and prototype swords have similar average grain size, but their grain maps are very different. The old sword has some coarse grains in a finegrained matrix, which are typical for abnormal grain growth. The prototype has more homogeneous but coarser £ grains. The grain pattern of 06C is likely intermediate between that of the modern and the old swords. 08C was heated at the same temperature as 06C, but its grain map is coarser.
The distribution of grain size is another quantitative measure for characterization of PAM. The distributions of PAG size in the three swords are plotted in Fig. 8 . The modern sword has unimodal distribution of grain size ( Fig. 8(a) ), while the old sword is with clearly bimodal distribution ( Fig. 8(b) ). In case of prototype sword, there are two close peaks in its grain size distribution (Fig. 8(c) ). However, this type of distribution can be considered as nearly unimodal. Fig . 7 Austenite grain map (excluded twin) of the three swords, 06C and 08C steels, each grain is shaded with a random color.
Discussions
Each Japanese sword is a unique piece of metal in terms of preparation method, composition and heat treatment. While the C content of the sword can be measured, its heating temperature remains unknown parameter, yet it may be a decisive factor to the mechanical properties and aesthetic appearances of the sword. In this study, automatic reconstruction method is applied to investigation of PAMs at the sharp edge of three Japanese swords and three C steels, in order to clarify the variation of heating temperatures and composition of the swords made in different time periods. It was found that the C of the three swords is varied within a narrow range from 0.62 to 0.71% but their PAMs are considerably different.
Effect of carbon on prior-austenite microstructure
The C content may affect PAM of the C steels through the mechanism of £ formation during heating. It is well known that the C steel with C < 0.76% in annealed condition contains pearlite (P) and ferrite (F), whose volume fractions are proportional with C content. Whereas the steel with C ² 0.76% does not contain F, and the 08C with 0.78%C can be considered as full pearlitic steel. Unlike full pearlitic steel, the formation of £ in (F+P) steels occurs in two stages. 21) At first the £, which nucleates dominantly at F-P boundaries, 22) grows into P by consuming this phase constituent. Latterly, the F is dissolved into £. It means the presence of F provides more nucleation sites for £ in the early stage, and prevents £ grains from growth in the latter stage of £ formation.
It seems for the 04C with about 0.53 volume fraction of F (calculated by lever rule with assumption of similar density of F and P), the £ formation at 850°C happened with large number of nuclei due to high fraction of F-P boundary. Because of this reason, the PAM in this steel is fine-grained (15.4 µm) even at higher heating temperature. On the contrary, the 08C with full pearlitic microstructure has coarse-grained £ (43.2 µm) formed at 800°C due to the absence of F-P boundary, which is a favorable nucleation site of £ in C steels. Furthermore, in this steel the formation of £ occurs in a single stage with faster kinetics 23) which leads to a rapid grain growth of £ at 800°C.
In 06C with 0.61%C and 0.23 volume fraction of F, the PAG size excluded twin (27.5 µm) formed at 800°C is 2 times larger than that of 04C, but 1.5 times smaller than that of 08C. Since the heating temperature is similar, it is obvious that the PAG size of those C steels is affected by the mechanism of £ formation discussed above. It is likely that in C steels (0.380.78%C) grain size of £, formed at similar temperature increases with carbon content.
The C content or rather the mechanism of £ formation (from F+P or full P) might also affect the characteristic of £ grain boundary, which is represented by fraction of twin boundaries (3 and 9). In 04C with high volume fraction of F, the fraction of 3 is lowest but fraction of 9 is highest. On the contrary, the 08C without F has negligible fraction of 9. The 06C steel and the prototype sword with 0.210.23 volume fraction of F, has highest fraction of 3 (0.430.45).
Our recent study on crystallography of £ formation in 06C steel reveals a tendency of orientation selection of neighbor £ grains, which are favorably to form one next to another at F-P boundaries, with a twin relationship (3 or 9). 24) In case of 04C due to high fraction of F-P boundary, large number of £ grains can form at the earlier stage of £ formation, which may reduce the number of 3 twin grains to form in the latter stage. However, the reason why fraction of 9 is high in this steel is unclear. In 06C, the number of £ initial nuclei is smaller than in 04C. In the latter stage of its £ formation, the nucleation of new £ grains is dominant at preceding £ grain with selection of its twin orientations. Thus, the fraction of twin boundaries is highest in 06C steel. In 08C with full P, the different mechanism of £ formation with faster kinetics may cause lower fraction of 3 than in 06C and a negligible fraction of 9 boundaries.
The twin factor of grain refinement (Table 3) is not proportional to fraction of twin boundaries. Except for 08C, the twin factor is from 1.44 to 1.84. The grain size included twin is by twin factor times smaller than that measured by conventional methods, which are normally unable to reveal twin boundaries of prior-austenite. In 08C the twin factor is close to 1.0 despite high fraction of twin boundaries, because in its PAM the coarse grains are dominant. The twin grains, which locate at the corner of large grains, are often minor in both quantity and size. This feature of twin in 08C may be also caused by the mechanism of £ formation from full pearlitic steel.
Evaluation of the heating temperature of the
Japanese swords The modern sword with 0.71%C has the finest PAG size (14.5 µm), which is 2 times smaller than grain size of the old and prototype swords (28.6 and 30.3 µm respectively), though the latter ones have lower C content. It is likely that the three swords had been heat treated at different temperatures.
In order to obtain peak hardness for the sharp edge, the heating temperature of the sword should be higher than Ae 3 critical temperature, below which the soft ferrite phase still exists. The Ae 3 temperatures of the samples given in Table 1 , were approximated from similar Fe-C binary systems in equilibrium. The actual critical temperatures of continuous heating should be higher than those equilibrial values. 25) Since the ferrite is not observed in final microstructure of the swords, their heating temperatures must be higher than the Ae 3 temperature (740750°C). Hence the lower limit of heating temperature for the swords is about 750°C. Compared with PAM of 06C formed at 800°C, the grain size of the modern sword is about 2 times smaller despite a higher C content. Furthermore, the distribution of grain size is unimodal (Fig. 8(a) ). It means the heating temperature of this sword must be well below 800°C, but higher than 750°C. Contrarily, the prototype steel compared to 06C has similar C content and grain size distribution, but larger average grain size. It allows concluding that the prototype sword must be heated to temperature higher than 800°C.
The old sword with 0.67%C has similar average grain size as 06C, but it has a different distribution of grain size with clearly bimodal characteristic ( Fig. 8(b) ). The average values of the small and large grain peaks are about 10 and 70 µm, respectively. Since the sub-grain structure with low-angle misorientation is not observed, the abnormal grain growth in the old sword is probably related to the coarsening or dissolution of pinning particles at the £ grain boundaries. The EPMA did not find any trace of strong carbide formation elements like Ti or V, whose carbides often act as the pining particles in steels. However, the microstructure observation found the presence of micron-sized inclusions, which were reported as SiO 2 in a previous study. 26) In order to explain the abnormal grain growth in the old sword, careful analyses on chemical composition of the steel and inclusion phases are required. Based on the PAM solely, it is possible to conclude that the heating temperature of the old sword must be higher than 800°C, because of the presence of coarse £ grains.
Optimal C content and heating temperature for
Japanese sword Hardness measurement and a four point bending test had been set up by Yaso et al. 5, 6) to measure the strength at the sharp edge of the same old and modern swords used in the present study. It was reported that the hardness of the two swords is similar (830870 HV), 5) but the strength of the modern sword is about 2 times higher than that of the old sword (4645 and 2552 MPa, respectively). 5, 6) Without knowing the PAM, the difference in strength of the two swords was explained by thicker hardening region in the modern sword (5 mm) compared with the old sword (1 mm of peak hardening and 5 mm of transition). 5, 6) Because of thin hardening region observed, the old sword was probably repolished several times in its life in order to recover the sharpness of its cutting edge. With the result of PAM analysis in this study, it is reasonable to suggest that fine PAM of the modern sword also has contribution to its high strength. The lower strength of the old sword may be due to its abnormally coarse grains. In order to obtain fine-grained microstructure of £ with high twin factor of grain refinement, high strength and hardness of the cutting edge, the steel for this part of Japanese sword must contain 0.60.7%C. The C content of 0.78% or higher is not suitable since it may result coarse PAG size and brittleness. The C content lower than 0.6%, may be insufficient to obtain the required level of strength and hardness.
For this range of C (0.60.7%), the optimal heating temperature should be within 750800°C in order to obtain fine-grained £. It may be a challenge for the swordsmith to keep the sword temperature within this narrow range, since he relies solely on his senses and experiences to judge the temperature of the hot blade.
Conclusions
The PAM of three Japanese swords was reconstructed from martensite and compared with that of three C steels. Analyses reveal the effect of C on PAM of C steels and allow evaluating the heating temperature of the Japanese swords. The main conclusions are as follows:
(1) In carbon steel, the carbon content probably affects PAM through the mechanism of austenite formation. In a range of 0.380.78%C, the average PAG size increases with carbon content, while the total fraction of twin boundaries is maximum at 0.6%C. (2) Since the swords have similar chemical composition with 0.60.7%C, the variation of their PAMs might be caused by different heating temperatures. It is likely that the modern sword was heated well below 800°C but above 750°C, the old and prototype swords were heated above 800°C. (3) The fine-grained PAM may have a significant contribution to the high strength of the modern sword. It is recommended that carbon content of the sword is 0.6 0.7%C, and heating is within 750800°C, in order to obtain fine-grained PAM of the sharp edge together with high strength and hardness.
